All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Renal interstitial fibrosis (IF) and arterial lesions are predictive of loss of renal function in chronic kidney disease (CKD) \[[@pone.0167929.ref001]--[@pone.0167929.ref003]\]. Kidney allografts are very prone to develop IF and vascular lesions secondary to acute or chronic rejection, and to calcineurin inhibitors toxicity \[[@pone.0167929.ref004]--[@pone.0167929.ref006]\]. Currently, IF and arterial lesions are evaluated by histopathology which necessitates kidney biopsies \[[@pone.0167929.ref007]--[@pone.0167929.ref010]\]. There are however many limitations to histopathological assessment, such as sampling error or bias, semi-quantitative and poorly reproducible scoring, biopsy complications and cost of the procedure \[[@pone.0167929.ref011]\]. Established noninvasive tools to estimate kidney IF and vascular lesions are currently not available. These would be very helpful for the evaluation of the whole organ without the inherent risks associated to repeated biopsies. Indeed, a better non-invasive appreciation of the formation of IF and arterial lesions in patients would allow earlier treatment adaptation and better follow-up.

Amongst potential tools, phosphocalcic biomarkers are of interest. Disorders in phosphorus and calcium metabolism are common in CKD. In addition to the traditional markers such as calcium, phosphate, parathyroid hormone (PTH) and vitamin D levels, new biomarkers such as Klotho and fibroblast growth factor 23 (FGF23) are emerging. Klotho is a protein mainly expressed in kidney tubular cells. During early phases of experimental CKD, Klotho expression is downregulated \[[@pone.0167929.ref012], [@pone.0167929.ref013]\]. In humans, this early decrease in soluble Klotho can be measured \[[@pone.0167929.ref014]\]. Klotho downregulation plays an important role in kidney fibrosis progression by different modalities including repression of the WNT pathway \[[@pone.0167929.ref015]--[@pone.0167929.ref018]\]. In addition, lower Klotho levels are associated with higher prevalence of cardiovascular disease, arterial stiffness and vascular calcification in the experimental setting and in some clinical observations \[[@pone.0167929.ref015], [@pone.0167929.ref017], [@pone.0167929.ref019], [@pone.0167929.ref020]\]. This could be related to Klotho's direct phosphaturic properties \[[@pone.0167929.ref013]\] and its role as an FGF23 receptor cofactor. Klotho loss may therefore be a sensitive marker for nephron loss, early fibrosis formation and could also be an interesting marker of chronic vascular lesions.

FGF23 is a key phosphaturic hormone produced by osteocytes and osteoblasts that increase early in CKD \[[@pone.0167929.ref021], [@pone.0167929.ref022]\]. The cause of this elevation is still debated, but may result from phosphate retention, Klotho loss, and kidney production of FGF23 or abnormal bone regulation. FGF23 is therefore a sensitive marker of kidney disease and cardiovascular complications in CKD. Whether FGF23 indicates chronic kidney histological changes has not been studied so far. All parameters of mineral metabolism are to some extent related: suppression of Klotho increases FGF23 levels, which in turn suppresses vitamin D. Increased phosphate, FGF23 and parathyroid hormone (PTH) are independent risk factor for CKD progression and cardiovascular mortality not only in primary CKD but also in kidney allograft recipients \[[@pone.0167929.ref021], [@pone.0167929.ref023]--[@pone.0167929.ref040]\]. However, whether mineral metabolism components correlate with IF and vascular lesions and could be earlier markers than eGFR for histological lesions is not known.

In addition to these new biomarkers, a blood test was recently described that measured the blood calcification propensity by monitoring the maturation time (T~50~) of calciprotein particles in serum \[[@pone.0167929.ref041]\]. High calcification propensity (or low T~50~) was closely associated with progressive aortic stiffening and increased long-term mortality in CKD patients \[[@pone.0167929.ref042], [@pone.0167929.ref043]\]. Surprisingly, T~50~ was also predictive of renal function loss in kidney allograft recipients \[[@pone.0167929.ref044]\]. However, this test has not yet been studied in association with renal histological lesions.

Due to the lack of data on the relation between phosphocalcic markers and chronic histological changes, we aimed to assess this association in a retrospective study. We analyzed the associations and predictive values of phosphocalcic markers and T~50~ with chronic histological changes (IF and vascular lesions) in kidney allograft recipients undergoing protocol or clinically-driven biopsies. We hypothesized that phosphate, FGF23, PTH, T~50~, Klotho and vitamin D (25D) levels may be useful markers of early IF and chronic vascular lesions in this population, independently of eGFR.

Results {#sec002}
=======

Characteristics of the study population {#sec003}
---------------------------------------

We included 129 kidney allograft recipients, mainly Caucasian (95%) and male (60%). Baseline characteristics are presented in [Table 1](#pone.0167929.t001){ref-type="table"}. The main primary kidney diseases were glomerulonephritis and hypertensive nephropathy. Median graft vintage was 5 years. eGFR was below 60ml/min/1.73m2 in 65% of patients and office blood pressure was ≥140/90mmHg in 44%. Overweight patients represented 33% of the population whereas 17% were obese (BMI≥30kg/m^2^). Mean sodium, potassium, bicarbonate, albumin, calcium and phosphate levels were within population-based reference intervals and considered well controlled. Serum PTH was significantly higher than the normal range. Almost all patients were on 25-hydroxyvitamin D and calcium supplements (88% and 71% respectively). The immunosuppressive regimen was mainly composed of calcineurin inhibitors (88.4%: 68.2% of tacrolimus and 20.2% of ciclosporine), mycophenolate mofetil (78.3%) and steroids (60.5%). Only 12.4% of patients were on azathioprine and 1.6% on m-Tor inhibitors.

10.1371/journal.pone.0167929.t001

###### Baseline characteristics of the study population (n = 129): clinical parameters, medication and laboratory measurements.

![](pone.0167929.t001){#pone.0167929.t001g}

  Characteristics                                                              Value
  ---------------------------------------------------------------------------- -------------------
  **Clinical parameters**                                                      
  Age, years                                                                   57.0 (46.0--69.1)
  Male, n (%)                                                                  78 (60)
  Body mass index, kg/m^2^                                                     25.3 ± 4.6
  Caucasian, n (%)                                                             123 (95)
  Deceased donor transplant, n (%)                                             80 (62)
  History of acute rejection, n (%)                                            49 (38)
  Graft vintage, years                                                         5.0 (2.0--12.0)
  Systolic BP, mmHg                                                            132 ± 17
  Diastolic BP, mmHg                                                           79 ± 12
  Current smoker, n (%)                                                        12 (9.3)
  **Etiology of kidney disease, n (%)[\*](#t001fn002){ref-type="table-fn"}**   
  Diabetes                                                                     8 (6.2)
  Hypertension                                                                 27 (20.9)
  Glomerulonephritis                                                           29 (22.5)
  Polycystic kidney disease                                                    24 (18.6)
  Others (tubulointerstitial nephritis, reflux, ...)                           68 (52.7)
  **Medication, n (%)**                                                        
  ACEi/ARB                                                                     66 (51.2)
  Calcium channel blockers                                                     57 (44.2)
  Diuretics                                                                    14 (10.9)
  Beta-blockers                                                                72 (55.8)
  Statins                                                                      85 (66.9)
  Calcium supplementation                                                      91 (70.5)
  1.25OH-vitamin D supplementation                                             15 (11.6)
  25OH-vitamin D supplementation                                               113 (87.6)
  **Laboratory measurements**                                                  
  Creatinine, micromol/l                                                       128 ± 47
  eGFR ml/min per 1.73m^2^ [^\*\*^](#t001fn003){ref-type="table-fn"}           55 ± 20
  Albumin, g/l                                                                 37.2 ± 3.5
  Corrected calcium, mmol/l                                                    2.4 ± 0.14
  Phosphate, mmol/l                                                            1.1 ± 0.2
  Magnesium, mmol/l                                                            0.72 ± 0.1
  25-hydroxyvitamin D, nmol/l (n = 125)                                        68 ± 22
  Parathyroid hormone, pmol/l(n = 126)                                         8.5 (6.0--10.8)
  Hemoglobin, g/l                                                              129 ± 15
  FGF23, RU/ml                                                                 39.3 (27.7--54.6)
  Klotho, pg/ml                                                                744 ± 246
  T~50~, min                                                                   285 ± 61
  Spot urine protein/creatinine ratios, g/24h (n = 119)                        0.12 (0.07--0.25)
  Albuminuria, n (%)                                                           
      • \<30 mg/g                                                              55 (42.6)
      • 30-300mg/g                                                             51 (39.5)
      • \>300mg/g                                                              23 (17.8)

Values reported as numbers and %, mean±SD, or median (interquartile ranges) as appropriate.

\*One patient may have more than one etiology to their kidney disease.

\*\*eGFR (estimated Glomerular Filtration Rate) was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation.

ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker.BP: Blood Pressure; FGF23: Fibroblast growth factor 23; T~50~: Calcification propensity.

Indications and results from kidney biopsies are presented in [Table 2](#pone.0167929.t002){ref-type="table"}. Twenty-three percent of patients had ≤10% fibrosis, 55.0% had ≤20%, 76.0% had ≤30% and 9.3% had \>40%. Significant vascular lesions (BANFF: cv+ah+aah\>5) were present in 36.4% of patients. Von Kossa staining was available from 88 patients, among which 8 (9%) were positive for mineral deposits.

10.1371/journal.pone.0167929.t002

###### Baseline characteristics of the study population (n = 129): biopsy indication, biopsy diagnosis and chronic histological lesions.
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  Characteristic                                                               Value
  ---------------------------------------------------------------------------- -------------
  **Biopsy indication**                                                        
  Protocol biopsies                                                            115 (89.1)
  Creatinine increase                                                          6 (4.7)
  De Novo Proteinuria                                                          4 (3.1)
  Increase in creatinine and proteinuria                                       3 (2.3)
  De Novo Donnor Specific Antibodies                                           1 (0.8)
  **Biopsy diagnosis,** n (%)**[\*](#t002fn002){ref-type="table-fn"}**         
  Rejection                                                                    13 (10.1)
  Tubulo-interstitial lesions                                                  10 (7.8)
  Immunological glomerulonephritis                                             22 (17.1)
  Diabetic nephropathy                                                         7 (5.4)
  Hypertensive nephropathy                                                     6 (4.7)
  Anticalcineurin toxicity                                                     36 (27.9)
  Chronic allograft nephropathy                                                4 (3.1)
  Others (vascular lesions, ...)                                               31 (24)
  **Chronic Histological lesions**                                             
  Fibrosis in %                                                                24.3 ± 15.7
  BANFF score                                                                  
      • IF/TA[^a^](#t002fn003){ref-type="table-fn"} (ci + ct), min 0 --max 6   2 (2--4)
      • Vascular lesions (cv + ah + aah), min 0 --max 9                        3 (1--4)
  Von Kossa (%)                                                                
      • Positive, n (%)                                                        8 (9)

Values reported as number and %, mean±SD, or median (interquartile ranges) as appropriate.

\* One biopsy may have more than one diagnosis.

^a^Interstitial fibrosis and tubular atrophy.

ah: arteriolar hyaline thickening; aah: circumferential hyaline arteriolar thickening; cv: vascular fibrous intimal thickening.

All mineral metabolism markers correlated well with eGFR except calcium, PTH and 25D ([S1 Fig](#pone.0167929.s001){ref-type="supplementary-material"}).

Association of phosphocalcic biomarkers and T~50~ with interstitial fibrosis {#sec004}
----------------------------------------------------------------------------

We studied the associations of calcium, phosphate, 25D, PTH, FGF23, Klotho and T~50~ with histological fibrosis. [Fig 1](#pone.0167929.g001){ref-type="fig"} shows the linear trends and correlation coefficients. The percentage of fibrosis increased with rising FGF23 and PTH levels. On the contrary, IF increased with decreasing levels of Klotho, T~50~ and 25D. eGFR, creatinine and proteinuria were well correlated to IF ([Fig 1](#pone.0167929.g001){ref-type="fig"} and [S2A and S2B Fig](#pone.0167929.s002){ref-type="supplementary-material"}). Serum calcium and phosphate were not correlated with IF. Results were not significantly modified by the exclusion of non protocol biopsies ([S4 Fig](#pone.0167929.s004){ref-type="supplementary-material"}). When fibrosis was considered in three categories determined by Banff scoring for chronic allograft nephropathy (0--25; 26--50; \>50% of intertistitial fibrosis), mineral metabolism markers were well associated to fibrosis progression ([S3 Fig](#pone.0167929.s003){ref-type="supplementary-material"}).

![Correlations between phosphocalcic biomarkers, T~50~ and interstitial fibrosis in renal allograft recipients (n = 129).\
Scatter plot graphs of (A) calcium, (B) phosphate, (C) vitamin D, (D) ln PTH, (E) ln FGF23, (F) Klotho, (G) T~50~, (H) eGFR versus interstitial fibrosis. Each symbol represents one patient. The continuous line indicates least-square linear regression. eGFR: estimated Glomerular Filtration Rate; FGF23: Fibroblast growth factor 23; PTH: parathyroid hormone; T~50~: Calcification propensity; Ln: log-transformed.](pone.0167929.g001){#pone.0167929.g001}

[Table 3](#pone.0167929.t003){ref-type="table"} displays models of linear regression analyses. Calcium was not associated with IF neither in univariate nor in multivariate analyses. Phosphate was not associated with IF in the univariate analysis but was associated in multivariate analysis. The borderline association of Klotho and FGF23 with IF disappeared after adjustment for the other mineral metabolism parameters. Conversely, the association between phosphate and IF disappeared after adjustment for eGFR only. T~50~ remained associated with IF after adjustement for other mineral metabolism parameters and eGFR but this association was attenuated after adjustment for proteinuria. Only 25D and PTH remained independently associated with IF after all multivariate analysis. Since in transplanted patients, tertiary hyperparathyroidism is relatively common, in order to rule out the possibility that hyperparathyroidism might influence the correlation between PTH or 25D with fibrosis, we excluded patients with tertiary hyperparathyroidism (n = 13). In this case our results were unchanged.

10.1371/journal.pone.0167929.t003

###### Associations of serum biomarkers with interstitial fibrosis in kidney allograft recipients (n = 129).

Univariate and multivariate linear regression analysis.
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  Biomarkers                                      Coefficient   95% CI            p Value
  ----------------------------------------------- ------------- ----------------- ---------
  **Calcium (mmol/l)**                                                            
  Unadjusted                                      9.40          -10.0 to 28.8     0.34
  Model 1[^a^](#t003fn002){ref-type="table-fn"}   9.61          -9.72 to 28.9     0.33
  Model 2                                         9.03          -10.5 to 28.6     0.36
  Model 3                                         9.55          -9.15 to 28.3     0.31
  Model 4                                         10.1          -10.1 to 30.2     0.32
  **Phosphate (mmol/l)**                                                          
  Unadjusted                                      8.96          -2.71 to 20.6     0.131
  Model 1[^b^](#t003fn003){ref-type="table-fn"}   19.0          6.75 to 31.3      0.003
  Model 2                                         16.0          3.26 to 28.7      0.014
  Model 3                                         11.1          -1.28 to 23.5     0.078
  Model 4                                         12.4          -1.11 to 25.9     0.072
  **Ln PTH (pmol/l),** n = 126                                                    
  Unadjusted                                      9.36          3.81 to 14.9      0.001
  Model 1[^c^](#t003fn004){ref-type="table-fn"}   10.8          4.79 to 16.7      0.001
  Model 2                                         9.14          2.87 to 15.4      0.005
  Model 3                                         7.68          1.58 to 13.8      0.014
  Model 4                                         7.59          0.98 to 14.2      0.025
  **VitaminD (nmol/l),** n = 125                                                  
  Unadjusted                                      -0.16         -0.29 to -0.04    0.009
  Model 1[^d^](#t003fn005){ref-type="table-fn"}   -0.12         -0.24 to 0.002    0.054
  Model 2                                         -0.14         -0.26 to -0.02    0.024
  Model 3                                         -0.15         -0.27 to -0.03    0.012
  Model 4                                         -0.15         -0.27 to -0.02    0.022
  **Klotho (pg/ml)**                                                              
  Unadjusted                                      -0.01         -0.02 to 0.0002   0.045
  Model 1                                         -0.01         -0.02 to 0.002    0.129
  Model 2[^e^](#t003fn006){ref-type="table-fn"}   -0.01         -0.02 to 0.003    0.161
  Model 3                                         -0.005        -0.02 to 0.006    0.374
  Model 4                                         -0.005        -0.02 to 0.007    0.426
  **Ln FGF23 (RU/ml)**                                                            
  Unadjusted                                      4.69          0.10 to 9.28      0.045
  Model 1                                         2.73          -1.99 to 7.45     0.255
  Model 2[^f^](#t003fn007){ref-type="table-fn"}   2.36          -2.38 to 7.09     0.327
  Model 3                                         -0.51         -5.31 to 4.29     0.834
  Model 4                                         -0.51         -5.54 to 4.52     0.841
  **T**~**50**~ **(min)**                                                         
  Unadjusted                                      -0.05         -0.10 to -0.01    0.025
  Model 1[^g^](#t003fn008){ref-type="table-fn"}   -0.06         -0.11 to -0.02    0.005
  Model 3[^h^](#t003fn009){ref-type="table-fn"}   -0.04         -0.09 to -0.003   0.036
  Model 4                                         -0.04         -0.09 to 0.0005   0.053

Model 1: adjusted for calcium, phosphate, log PTH, vitamin D; Model 2: adjusted for model 1 and Klotho and FGF23; Model 3: adjusted for model 2 and diabetes, HTA, graft vintage and eGRF; Model 4: adjusted for model 3 and proteinuria (n = 119)

^a^not adjusted for calcium

^b^not adjusted for phosphate

^c^not adjusted for PTH

^d^not adjusted for vitamin D

^e^not adjusted for Klotho

^f^not adjusted for FGF23

^g^not adjusted for calcium and phosphate

^h^not adjusted for Klotho and FGF23.

CI: confidence interval; eGFR: estimated Glomerular Filtration Rate.

FGF23: Fibroblast growth factor 23; HTA: hypertension; PTH: parathyroid hormone; T~50~: Calcification propensity.

Ln: logarithmic transformation.

In summary, increased PTH and FGF23 and decreased 25D, Klotho and T~50~ were associated with IF. Although some of these markers were not independent predictors of the degree of fibrosis after adjustment, we attempted to determine their utility as markers of different stages of fibrosis. We therefore evaluated their discriminative performance in predicting low (≤20%) and significant (\>40%) fibrosis. We built receiver operating characteristic (ROC) curves and reported area under the curve (AUC).

Analysis revealed that FGF23, PTH and T~50~ were predictors of fibrosis ≤20%. The AUC was 0.63 for FGF23, 0.63 for PTH and 0.61 for T~50~ ([Fig 2A, 2B and 2C](#pone.0167929.g002){ref-type="fig"}). The ROC curve combining PTH and FGF23 for the prediction of fibrosis ≤20% only slightly improved prediction (AUC 0.66, Std Err: 0.05, 95%CI 0.56--0.75, p = 0.002). The ROC curve combining PTH, FGF23 and T~50~ did not improve the prediction of fibrosis ≤20% ([Fig 2F](#pone.0167929.g002){ref-type="fig"}). By comparison, AUC was 0.74 for proteinuria and 0.72 for eGFR ([Fig 2D--2E](#pone.0167929.g002){ref-type="fig"}). ROC curve analysis of eGFR and proteinuria combined did not improve AUC (AUC: 0.72, Std Err: 0.05, 95%CI: 0.63--0.0.82, p\<0.001). Similarly, the ROC curve combining mineral markers (PTH, FGF23 and T~50~), proteinuria and eGFR did not improve the prediction of fibrosis ≤20% compared to eGFr only (AUC: 0.64, Std Err: 0.05, 95%CI: 0.54--0.74, p = 0.009).

![ROC curves of ln FGF23, ln PTH, T~50~, proteinuria and eGFR in predicting fibrosis ≤20%.\
ROC curve analysis of ln FGF23 (Fig 2A), ln PTH (Fig 2B), T~50~ (Fig 2C), proteinuria (Fig 2D), eGFR (Fig 2E) for the prediction of fibrosis ≤20%. (2F): ROC cuvre analysis of ln FGF23, ln PTH and T~50~ combined for the prediction of fibrosis ≤20%. As T~50~ and eGFR are markers that are negatively associated with fibrosis, we used the opposite values of those markers. AUC: Area Under the Curve; eGFR: estimated Glomerular Filtration Rate; FGF23: Fibroblast growth factor 23; Ln: log-transformed; PTH: parathyroid hormone; ROC: Receiver Operating Characteristic; T~50~: Calcification propensity.](pone.0167929.g002){#pone.0167929.g002}

25D, calcium, phosphate and Klotho were not significant predictors of low IF ([S5 Fig](#pone.0167929.s005){ref-type="supplementary-material"}).

PTH, T~50~ and 25D were predictors of fibrosis \>40% with AUC values of 0.73 for PTH, 0.68 for T~50~ and 0.72 for 25D ([Fig 3A, 3B and 3C](#pone.0167929.g003){ref-type="fig"}). The ROC curve combining PTH, 25D and T~50~ for the prediction of fibrosis \>40% led to slightly better results (AUC 0.76) ([Fig 3F](#pone.0167929.g003){ref-type="fig"}). The AUC was not different from eGFR alone (AUC 0.78) ([Fig 3E](#pone.0167929.g003){ref-type="fig"}). The ROC curve combining mineral markers (PTH, T~50~ and 25D), proteinuria and eGFR did not improve the prediction of fibrosis \>40% compared to eGFR alone (AUC: 0.76, Std Err: 0.09, 95%CI: 0.57--0.95, p = 0.004).

![ROC curves of T~50~, 25D, PTH, proteinuria and eGFR in predicting Fibrosis \>40%.\
As T~50~, vitamin D and eGFR are markers that are negatively associated with fibrosis, we used the opposite values of those markers. (**3A-B-C-D-E)** Separate ROC curves for ln PTH, T~50~, 25D, proteinuria and eGFR (**3F**) ROC curve for ln PTH, 25D and T~50~ combined. 25D: 25-hydroxyvitamin D; AUC: Area Under the Curve; eGFR: estimated Glomerular Filtration Rate; Ln: log-transformed; PTH: parathyroid hormone; ROC: Receiver Operating Characteristic; T~50~: Calcification propensity.](pone.0167929.g003){#pone.0167929.g003}

FGF23, calcium phosphate and Klotho were not significant predictors of extensive fibrosis ([S6 Fig](#pone.0167929.s006){ref-type="supplementary-material"}).

Association of phosphocalcic biomarkers and T~50~ with chronic vascular lesions {#sec005}
-------------------------------------------------------------------------------

[Fig 4](#pone.0167929.g004){ref-type="fig"} displays the linear association of calcium, phosphate, 25D, PTH, FGF23, Klotho and T~50~ with Banff evaluation of chronic vascular lesions (ah+aah+cv) and their correlation coefficients. Only T~50~, eGFR and proteinuria were significantly associated to advancing vascular lesion (r = -0.21, p = 0.038 for T~50~, 0.21 for eGFR and 0.33 for proteinuria) ([Fig 4G--4H](#pone.0167929.g004){ref-type="fig"} and [S2 Fig](#pone.0167929.s002){ref-type="supplementary-material"}).

![Phosphocalcic biomarkers and T~50~ associate with chronic vascular lesions as assessed by banff (ah+aah+cv) in renal allograft recipients.\
Scatter plot graphs of (A) calcium, (B) phosphate, (C) vitamin D, (D) ln PTH, (E) ln FGF23, (F) Klotho, (G) T~50,~ (H) eGFR versus vascular lesions. Each symbol represents one patient. The continuous line indicates least-square linear regression. Ah: arteriolar hyaline thickening; aah: circumferential hyaline arteriolar thickening; cv: vascular fibrous intimal thickening; eGFR: estimated Glomerular Filtration Rate; Ln: log-transformed; PTH: parathyroid hormone; T~50~: Calcification propensity.](pone.0167929.g004){#pone.0167929.g004}

In the multivariate linear regression analysis, the significance of the association between T~50~ and vascular lesions was attenuated after adjusting for PTH and vitamin D (p = 0.051) but remained significant after adjustement for co-morbidities and eGFR (p = 0.048) and remained borderline after adjusting for proteinuria (p = 0.062) ([Table 4](#pone.0167929.t004){ref-type="table"}).

10.1371/journal.pone.0167929.t004

###### Associations of T~50~ with vascular lesions in kidney allograft recipients (n = 129), univariate and multivariate linear regression analysis.
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  Biomarkers                Coefficient   95% CI               p Value
  ------------------------- ------------- -------------------- ---------
  **T**~**50**~ **(min)**                                      
  Unadjusted                -0.007        -0.014 to 0.0004     0.038
  Model 1                   -0.007        -0.014 to 0.00003    0.051
  Model 3                   -0.006        -0.012 to -0.00004   0.048
  Model 4                   -0.006        -0.012 to 0.0003     0.062

Model 1: adjusted for ln PTH and vitamin D; Model 3: adjusted for model 1 and diabetes, HTA, graft vintage, eGFR; Model 4: adjusted for model 3 and proteinuria (n = 119); CI: confidence interval; eGFR: estimated Glomerular Filtration Rate was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation.

HTA: hypertension; PTH: parathyroid hormone; T~50~: Calcification propensity.

We further evaluated the discriminative performance of T~50~ in predicting significant vascular lesions defined with a BANFF score for cv+ah+aah greater than 5. T~50~ and proteinuria were the only predictors of significant vascular lesion with an AUC of 0.61 for both ([Fig 5A and 5B](#pone.0167929.g005){ref-type="fig"}), and the combination of the two measures slightly enhanced discrimination ([Fig 5C](#pone.0167929.g005){ref-type="fig"}). Calcium, phosphate, PTH, 25D, FGF23, Klotho and eGFR were not significant predictors of vascular lesions ([S7 Fig](#pone.0167929.s007){ref-type="supplementary-material"}).

![Vascular lesions estimated by BANFF: ROC curve of (5A) T~50~ and (5B) proteinuria in predicting significant vascular lesions (BANFF cv+ah+aah \>5).\
(5C) ROC curve of T~50~ and proteinuria combined. Ah: arteriolar hyaline thickening; aah: circumferential hyaline arteriolar thickening; AUC: Area Under the Curve; cv: vascular fibrous intimal thickening; ROC: Receiver Operating Characteristic; T~50~: Calcification propensity.](pone.0167929.g005){#pone.0167929.g005}

Interstitial calcifications and phosphocalcic parameters {#sec006}
--------------------------------------------------------

Von Kossa stainings were performed on biopsies available for additional coloration (n = 88) to indirectly localize mineralized areas in kidney tissue. Von Kossa stain positive deposits were observed within the cytoplasm of tubular epithelial cells, tubular lumen and interstitium in 8 biopsies ([S8 Fig](#pone.0167929.s008){ref-type="supplementary-material"}). There were no differences in the mean of all biomarkers between patients with and without calcified deposits ([S1 Table](#pone.0167929.s009){ref-type="supplementary-material"}).

Discussion {#sec007}
==========

In this retrospective study, we examined the association and predictive value of phosphocalcic markers and T~50~ with chronic renal histological lesions (IF and vascular lesions) in kidney allograft recipients. Our analysis revealed that PTH, 25D and T~50~ levels are associated to IF independently of renal function. When considered as biomarkers for IF \<20 or \>40%, mineral metabolism markers were however neither more discriminant, nor additive when compared to renal function parameters (eGFR and proteinuria). Despite the inferior performance as a marker of IF, the determinants of mineral metabolism assessed here might be of interest for therapy guidance. T~50~ and proteinuria were the only predictors of vascular lesions.

In our subset of kidney allograft recipients, similary to previous studies\[[@pone.0167929.ref026]--[@pone.0167929.ref028]\], we observed a good correlation between FGF23, Klotho and renal function as well as between renal function and IF. We confirmed a decrease in soluble Klotho and increase in FGF23 with declining eGFR. The associations were however low with structural lesions: FGF23 was positively correlated whereas Klotho negatively correlated with IF, but the strength of the association was only modest (p = 0.045) and disappeared after adjustement for other mineral metabolism, renal function and proteinuria. In contrast, PTH and 25D showed greater and independent associations with IF in our patient population, even after correction for renal function and proteinuria.

The physiopathological mechanism of the observed association of PTH and 25D to IF is not fully identified and the association observed does not imply a causal mechanism. Several hypotheses may be raised: PTH may participate in aggravating kidney fibrosis directly by an unknown mechanism, or PTH elevation may reflect an other unidentified third mediator linked to fibrosis. Of note, PTH was still associated to fibrosis after correction for vitamin D levels. Similarly, the role of vitamin D in several processes, either as a causal factor or as a biomarker indicative of a pathological state, is very much debated. Indeed, several studies indicate a relationship between hypovitaminosis D and survival, vascular calcification or inflammation \[[@pone.0167929.ref045]\]. However, the benefit of replacing native vitamin D is still to be demonstrated \[[@pone.0167929.ref046], [@pone.0167929.ref047]\]. Low Vitamin D levels may also indicate low levels of 1.25-dihydroxyvitamin D, although this was not measured in our patients \[[@pone.0167929.ref048]\]. Indeed, 1.25-dihydroxyvitamin D levels may be associated to fibrosis pathogenesis \[[@pone.0167929.ref049]--[@pone.0167929.ref051]\]. Low vitamin D may be a reflection of higher proteinuria. The observed association between vitamin D and fibrosis however persisted after adjustment for proteinuria. Low vitamin D may also be regarded as a marker of poor tubular endocytosis function, in line with the observation that small molecular weight protein in urine (including vitamin D binding protein) may be indicative of fibrosis \[[@pone.0167929.ref052], [@pone.0167929.ref053]\]. Regardless of the underlying mechanism, PTH and 25D levels were associated to IF, independently of renal function.

T~50~ is a novel biomarker predicting risk of cardiovascular events and all-cause mortality in patients with CKD. A high calcification propensity (i.e. low T~50~) is associated with increased all-cause mortality in a long-term follow-up \[[@pone.0167929.ref042], [@pone.0167929.ref044]\]. Interestingly low T~50~ is also predictive of worse evolution of renal function in kidney allograft recipients and one may hypothesize that the test might indicate chronic interstitial or vascular lesions. The association between T~50~ and IF was statistically significant, although not independent of proteinuria in our population, probably due to a lack of power. Another explanation maybe that T~50~ and proteinuria share some common pathophysiological pathways \[[@pone.0167929.ref044]\]. The correlation between proteinuria and T~50~ was however weak in our study.

We further examined the value of phophocalcic parameters in identifying different levels of fibrosis. Neither FGF23 nor Klotho were useful as predictors of advanced fibrosis. PTH, 25D and T~50~ showed good predictive value for advanced fibrosis identification, which increased when combining all measurements. Although each marker showed a lower independent predictive value compared to renal function as assessed by creatinine or eGFR, when combined the predictive value reached that of renal function. The addition of these markers to renal function did however not improve the prediction as assessed by the ROC curve. This suggests that PTH, T~50~ and 25D may be used as markers of fibrosis in condition where eGFR or creatinine may not be reliable, but do not have additional discrimination value in relation to eGFR. Conversely, low FGF23, PTH and T~50~ values may be useful in identifying patients with low fibrosis level (≤20%), although the obtained AUC was not very strong (AUC 0.63 and 0.61). When combining FGF23 and PTH, the AUC increased, but without improvement over eGFR. A low PTH and FGF23 level may thus identify patients without significant fibrosis when eGFR is not reliable, but does not add to eGFR prediction in our population.

The detection of vascular renal lesions in CKD patients is complex, since it is asymptomatic in early stages of CKD, and requires renal biopsy material for diagnosis. Therefore, methods aimed at noninvasive monitoring for early signs of vascular lesions are of clinical importance. In this study, the major parameters of mineral metabolism and vascular lesions were not associated with statistical significance. This is particularly surprising and disappointing in the case of Klotho. However, T~50~ levels continuously declined with vascular lesion. This association was attenuated after adjustment for proteinuria. When considered as biomarkers, only T~50~ and proteinuria were discriminative for significant vascular lesions, and even eGFR and creatinine were not. Since proteinuria is difficult to use as a marker of vascular lesion, T50 may have some clinical use for this purpose in the future. The associations between T~50~ and chronic interstitial lesions, either IF or vascular, is of interest and in fact, the T~50~ test monitors serum propensity to calcify \[[@pone.0167929.ref041]\]. Its association with, and predictive value for chronic histological lesions independently of renal function are surprising and in line with its predictive value for renal function decline \[[@pone.0167929.ref044]\]. This suggests that the pathophysiology of fibrosis and vascular lesions in the kidney may be dependent on the ability of the serum to calcify, and also indicates that this marker may be of use in combined scoring and potentially therapy guidance in the future. Indeed, it may be one of the only markers for vascular lesions, which may explain its predictive ability for CKD progression in kidney allograft recipients \[[@pone.0167929.ref044]\].

In this study, we were able to identify some predictors of chronic lesions. We may however lack enough power to identify other independent markers. We adjusted for the main confounders but residual confounding bias can still be present. Another limitation of our observations is that we studied kidney allograft recipients. Our findings can therefore not be extrapolated to native kidneys. Indeed, the pathophysiology of fibrosis and vascular lesions in allograft recipients may be less dependent on mineral metabolism adaptations than in native patients, explaining the low predictive value of FGF23 and Klotho for fibrosis and vascular lesions. These markers may be more efficient in identifying vascular lesions and fibrosis in native kidney disease patients, although this remains to be tested. Importantly, vascular lesions may be more dependent on medication such as calcineurin inhibitors or steroids in kidney transplanted patients, than on mineral metabolism adaptations.

In summary, we observe that in kidney allograft recipients, some mineral metabolism markers are associated to chronic histological lesions independently of eGFR. However, when considered as biomarkers of severity of chronic lesions, they do not show superiority or additive value to renal function assesment by eGFR, proteinuria or creatinine values. Only T~50~ appears to have a more specific predictive value for vascular lesions, and therefore allograft prognosis. This may be related to the specific pathophysiology of fibrosis in kidney allograft patients.

Materials and Methods {#sec008}
=====================

Patients {#sec009}
--------

We designed a retrospective study including adult kidney allograft recipients having a kidney biopsy. Patients 18 years of age or older, who received a kidney transplant between 1982 and 2013 and who were followed routinely in 2015 in Nephrology at the University Hospital of Geneva, were eligible for enrollment. Two nephrologists, not in charge of the patients, randomly selected 150 patients having undergone biopsy between January 2007 to December 2014. If a patient had more than one biopsy, we selected the last one available. On average, 80 to 90 biopsies are performed per year in our center. We excluded 21 patients because of the lack of available serum at the time of biopsy leaving 129 patients for the present analysis.

The indications for biopsies were protocol biopsies at 1, 5, 10 or 20 years after transplantation (n = 115), or clinically-driven biopsies (n = 14) ([Table 2](#pone.0167929.t002){ref-type="table"}). Clinical indications were a rise in serum creatinine (n = 6), proteinuria (n = 4), both (n = 3) or rise of donor specific antibodies (n = 1). In all kidney transplant patients, additional serum was collected yearly and stored at -80°C as part of our local transplant routine practice. We retrieved the serum taken closest to the time of the biopsy (with a maximum of 4 months distance from the biopsy and usually at the time of biopsy).

The study was approved by the local ethical committee for human studies of Geneva, Switzerland (Commission Cantonale d'Ethique de la recherche, CCER, directed by Pr. Bernard Hirschel) and performed according to the Declaration of Helsinki principles. All the patients were contacted to provide written informed consent to participate in this retrospective study. None of the transplant donors were from a vulnerable population and all donors or next of kin provided written informed consent that was freely given.

Baseline investigation and laboratory measurements {#sec010}
--------------------------------------------------

Baseline characteristics, including medical history, co-morbidities and treatment, were collected through patient records. Patient's blood pressure, weight and size were measured routinely during follow-up visits.

Serum creatinine and other standard laboratory values were measured during routine follow-up visits or hospitalizations and recorded at the time of collected sample. Standard biochemical analyses were performed in Geneva University Hospital Laboratory using the routine automated analyzers. The eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) \[[@pone.0167929.ref054]\]. Creatinine was measured by Jaffé-kinetics using IDMS-traceable methods.

Frozen samples were used for measurements of FGF23, Klotho and T~50~ in batch. Serum FGF23 levels were measured by the ELISA system using the C-TER Immunotopics kit \[[@pone.0167929.ref055]\]. An Elisa from IBL was used for serum levels measurement of soluble Klotho \[[@pone.0167929.ref056]\]. The serum calcification propensity test (T~50~) was performed using a Nephelostar nephelometer in University Hospital Bern, Switzerland \[[@pone.0167929.ref041]\]. Technicians from the laboratories were blinded to the clinical data and other results.

Renal fibrosis was assessed in the kidney biopsy using two distinct methods. Masson trichrome stained kidney sections were assessed quantitatively by two expert pathologists (S.M and O.S) blinded to the other results. The severity of renal fibrosis was scored subjectively from 0 to 100% for each patient. Furthermore, renal fibrosis was quantified using the BANFF criteria: ci (interstitial fibrosis) and ct (tubular atrophy) with a minimal of 0 and maximal of 6. Due to a good correlation between the two methods (r = 0.9; p \<0.001), we used renal fibrosis as a continuous variable (0 to 100%) for all analyses. Analysis of vascular lesion was determined using BANFF criteria from the pathologist report: ah (arteriolar hyaline thickening), aah (circumferential hyaline arteriolar thickening) and cv (vascular fibrous intimal thickening) with a minimal of 0 and maximal of 9. Samples available were n = 121 for ah, n ~~=~~ 119 for aah and n = 118 for cv, depending on the presence of vessels on the biopsy. To complete our examination, Von Kossa stainings were performed on biopsies available for supplementary coloration to indirectly localize mineralized areas in kidney tissues. Von Kossa stain deposits were blindedly analyzed by one nephrologist and one pathologist. We divided patients in two groups depending on results (postitive or negative Von Kossa Staining).

Statistical analysis {#sec011}
--------------------

Continuous variables are expressed as mean ± standard deviation or median and interquartile range according to the distribution. Categorical variables are expressed as numbers and percentages. Normality was tested using the Shapiro--Francia test for normal data. FGF23, PTH and proteinuria values were logarithmically transformed on a natural logarithm before analyses due to abnormal distribution. Because of non-normality of the distribution, the Mann-Whitney U-test was used for comparing values of phosphocalcic biomarkers and T~50~ between the two different groups of Von Kossa. For simple correlation analyses between phosphocalcic parameters, including T~50~, and histological parameters, we performed Pearson's tests after controlling the linear associations with scatter plots. We conducted univariate and multivariate linear regression for continuous outcomes such as the percentage of fibrosis and vascular lesions. We created different models including our variable of interest from the phosphocalcic metabolism: calcium, phosphate, PTH, vitamin D, FGF23, Klotho and T~50~. Models were first adjusted for other phosphocalcic parameters (model 1), secondly for FGF23 and Klotho (model 2), followed by diabetes, hypertension, graft vintage, eGFR (model 3) and finally proteinuria (model 4).

We then stratified fibrosis and vascular lesions into categories. We tested IF at two different levels (≤20% and \>40%). Vascular lesions were obtained by summing the determinant of vascular component of BANFF score (cv, ah and aah). Significant vascular lesions were defined as those having a score \>5. To evaluate the discriminative performance of those markers to predict different levels of fibrosis and vascular lesions, we constructed receiver operating characteristic (ROC) curves. For markers inversely associated with fibrosis, we used their opposite values to assess their diagnostic performance for the different fibrosis levels or the vascular cut-off and obtaining ROC curves above the identity line. We reported AUC values with 95%CI to compare prognostic value of each parameter.

Statistical analyses were performed using STATA 13.1 (StataCorp, College Station, TX, USA). Two-sided values of p\<0.05 were considered statistically significant.

Supporting Information {#sec012}
======================

###### Correlations between phosphocalcic biomarkers, T~50,~ proteinuria and eGFR in renal allograft recipients (n = 129).

Scatter plot graphs of (A) calcium, (B) phosphate, (C) vitamin D, (D) lnPTH, (E) lnFGF23, (F) Klotho, (G) T50, (H) proteinuria versus eGFR. Each symbol represents one patient. The continuous lines indicates least-square linear regression. eGFR: estimated Glomerular Filtration Rate; FGF23: Fibroblast growth factor 23; PTH: parathyroid hormone; T~50~: Calcification propensity; Ln: log-transformed.

(TIF)

###### 

Click here for additional data file.

###### 

**Correlations between (A) creatinine and (B) proteinuria and fibrosis(%). Correlation between (C) creatinine and (D) proteinuria and chronic vascular lesions as assessed by banff (ah+aah+cv) in renal allograft recipients.** Each symbol represents one patient. The continuous lines indicates least-square linear regression. Ln: log-transformed.

(TIF)

###### 

Click here for additional data file.

###### 

**Boxplot of (A) calcium, (B) phosphate, (C)vitamin D, (D) ln PTH, (E) ln FGF23, (F) Klotho, (G) T50, (H) eGFR, (I) creatinine and (J) ln proteinuria by category of fibrosis as assess by BANFF classification (0--25%; 26--50% \>50% of fibrosis).** The lower border of the box and the upper border of the box represent the first quartile and third quartile, respectively. The whiskers indicate the 1st and 99th percentiles. eGFR: estimated Glomerular Filtration Rate; FGF23: Fibroblast growth factor 23; PTH: parathyroid hormone; T~50~: Calcification propensity; Ln: log-transformed.

(TIF)

###### 

Click here for additional data file.

###### Correlations between phosphocalcic biomarkers, T~50,~ proteinuria, creatinine, eGFR and fibrosis (%) in renal allograft recipients (n = 115).

Scatter plot graphs of (A) calcium, (B) phosphate, (C) vitamin D, (D) lnPTH, (E) lnFGF23, (F) Klotho, (G) T50, (H) eGFR, (I) creatinine, (J) ln proteinuria versus fibrosis (%). Each symbol represents one patient. The continuous lines indicates least-square linear regression. eGFR: estimated Glomerular Filtration Rate; FGF23: Fibroblast growth factor 23; PTH: parathyroid hormone; T~50~: Calcification propensity; Ln: log-transformed.

(TIF)

###### 

Click here for additional data file.

###### ROC curves of creatinine, vitamin D, calcium, phosphate and Klotho in predicting fibrosis ≤20%.

ROC curve analysis of creatinine (S5A Fig), vitamin D (S5B Fig), calcium (S5C Fig), phosphate (S5D Fig) and 5Klotho (S5E Fig) for the prediction of fibrosis ≤20%. As vitamin D and Klotho are markers that are negatively associated with fibrosis, we used the opposite values of those markers. AUC: Area Under the Curve; ROC: Receiver Operating Characteristic.

(TIF)

###### 

Click here for additional data file.

###### ROC curves of creatinine, vitamin D, calcium, phosphate and Klotho in predicting fibrosis \>40%.

ROC curve analysis of creatinine (S6A Fig), vitamin D (S6B Fig), calcium (S6C Fig), phosphate (S6D Fig) and Klotho (S6E Fig) for the prediction of fibrosis \>40%. As vitamin D and Klotho are markers that are negatively associated with fibrosis, we used the opposite values of those markers. AUC: Area Under the Curve; ROC: Receiver Operating Characteristic.

(TIF)

###### 

Click here for additional data file.

###### 

**Vascular lesions estimated by BANFF: ROC curves of calcium (A), phosphate (B), PTH (C), vitamin D (D), FGF23 (E), Klotho (F), eGFR (G) and creatinine (H) in predicting significant vascular lesions (BANFF cv+ah+aah \>5).** Ah: arteriolar hyaline thickening; aah: circumferential hyaline arteriolar thickening; AUC: Area Under the Curve; cv: vascular fibrous intimal thickening; FGF23: Fibroblast growth factor 23; PTH: parathyroid hormone; ROC: Receiver Operating Characteristic.

(TIF)

###### 

Click here for additional data file.

###### Example of Von Kossa stain positive deposits in a kidney biopsy.

(TIF)

###### 

Click here for additional data file.

###### Level value of phosphocalcic biomarkers and T~50~ across Von Kossa results (n = 88).

(PDF)

###### 

Click here for additional data file.
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